Short-term synaptic plasticity shapes the postsynaptic response to bursts of impulses and is crucial for encoding information in neurons, but the molecular mechanisms are unknown. Here we show that activity-dependent modulation of presynaptic Ca V 2.1 channels mediated by neuronal Ca 2+ sensor proteins (CaS) induces synaptic plasticity in cultured superior cervical ganglion (SCG) neurons. A mutation of the IQlike motif in the C terminus that blocks Ca 2+ /CaSdependent facilitation of the P/Q-type Ca 2+ current markedly reduces facilitation of synaptic transmission. Deletion of the nearby calmodulin-binding domain, which inhibits CaS-dependent inactivation, substantially reduces depression of synaptic transmission. These results demonstrate that residual Ca 2+ in presynaptic terminals can act through CaSdependent regulation of Ca V 2.1 channels to induce short-term synaptic facilitation and rapid synaptic depression. Activity-dependent regulation of presynaptic Ca V 2.1 channels by CaS proteins may therefore be a primary determinant of short-term synaptic plasticity and information-processing in the nervous system.
INTRODUCTION
Short-term synaptic plasticity shapes the response of postsynaptic neurons to bursts of impulses and is crucial for encoding information in the nervous system (Abbott and Regehr, 2004) , but the molecular mechanisms responsible for this form of presynaptic plasticity are unknown. Activity-dependent regulation of presynaptic Ca 2+ channels is predicted to have profound effects on short-term plasticity because neurotransmitter release is steeply dependent on Ca 2+ entry (Augustine et al., 1985; Dodge and Rahamimoff, 1967; Sakaba and Neher, 2001 ). Synaptic transmission is potently regulated by residual Ca 2+ in the presynaptic terminal, which builds up during trains of action potentials (Zucker and Regehr, 2002) . Regulation of presynaptic Ca 2+ channels contributes to short-term synaptic plasticity at the calyx of Held (Forsythe et al., 1998; Inchauspe et al., 2004; Ishikawa et al., 2005; Xu and Wu, 2005) . However, the molecular mechanism of this regulation is unknown, leaving an important gap in our understanding of short-term synaptic plasticity. At most fast synapses in the central nervous system, Ca V 2.1 channels are localized in high density (Westenbroek et al., 1995) , and P/Q-type Ca 2+ currents conducted by Ca V 2.1 channels initiate synaptic transmission (Dunlap et al., 1995; Evans and Zamponi, 2006) . Ca 2+ -dependent regulation of Ca V 2.1 channels is mediated by calmodulin (Catterall, 2000; DeMaria et al., 2001; Lee et al., 1999 Lee et al., , 2000 Lee et al., , 2003 and related neuron-specific Ca 2+ -binding proteins, the neuronal Ca 2+ sensors (CaS) Lautermilch et al., 2005; Lee et al., 2002; Tsujimoto et al., 2002) , which interact with a bipartite regulatory site in the intracellular C terminus of the a 1 2.1 subunit (Lee et al., 2003 ; see Figure S1A available online). In nonneuronal cells where calmodulin is the endogenous CaS, alanine substitutions in the IQ-like domain (a 1 2.1 IM-AA ) block CaS-dependent facilitation of Ca V 2.1 channels (DeMaria et al., 2001; Lee et al., 2003) , whereas CaSdependent inactivation is blocked in channels lacking the adjacent calmodulin-binding domain (CBD; a 1 2.1 DCBD ) Lee et al., 1999 Lee et al., , 2000 Lee et al., , 2002 Lee et al., , 2003 . The differential effects of these mutations on CaS-dependent facilitation and inactivation offer a unique opportunity to probe the role of Ca 2+ channel regulation in short-term synaptic plasticity.
Ca V 2.1 channels can be functionally expressed in cultured SCG neurons, which do not express endogenous Ca V 2.1 channels or P/Q-type Ca 2+ currents (Mochida et al., 2003a) . The transfected SCG neurons form fast cholinergic synapses whose neurotransmitter release is driven by the heterologously expressed Ca V 2.1 channels after block of endogenous N-type Ca 2+ currents (Mochida et al., 1995 (Mochida et al., , 2003a (Mochida et al., , 2003b . We report here that mutations that prevent CaS-dependent facilitation and inactivation of Ca V 2.1 channels reduce facilitation and depression of EPSPs, respectively. These results provide direct evidence for a crucial role of regulation of Ca V 2.1 channels by CaS proteins in the action of residual Ca 2+ , which has long been known to initiate short-term presynaptic plasticity (Katz and Miledi, 1968; Zucker and Regehr, 2002) .
RESULTS AND DISCUSSION
To determine how Ca 2+ sensors regulate Ca V 2.1 channels in neurons, we recorded Ca 2+ currents through brain-derived Ca V 2.1 channels transfected in cultured SCG neurons, which do not express endogenous Ca V 2.1 channels or P/Q-type Ca 2+ currents (Mochida et al., 2003a) . In contrast to untransfected neurons (Mochida et al., 2003a) , Ca 2+ currents in transfected SCG neurons could be recorded in the presence of antagonists of L-, N-, and R-type Ca 2+ currents to block endogenous Ca V channels and were nearly completely blocked by the P/Q-type antagonist u-Agatoxin IVA (85.8% ± 6.4%, n = 7; Figure 1A ). These results indicate that the exogenously expressed Ca V 2.1 channels conduct Ca 2+ currents in transfected neurons, in the presence of inhibitors of other Ca V channels. Mutations in the IQ-like domain and CBD did not alter channel expression ( Figure 1B ), and currents from neurons expressing the double mutant (a. 1 2.1 IM-AA/DCBD ) were slightly larger suggesting increased expression ( Figure 1B ). Neither mutation affected the current-voltage relationships (Figure 1C) or activation curves generated by measuring tail currents (data not shown), indicating that the IM-AA and DCBD mutations do not alter basal voltage-dependent channel properties.
To examine CaS-dependent regulation of Ca V 2.1 channels in SCG neurons, we recorded P/Q-type currents elicited by trains of brief (5 ms) repetitive depolarizations at 100 Hz. These P/Qtype Ca 2+ currents show initial facilitation followed by inactiva- tion ( Figure 1D ), similar to Ca 2+ currents modulated by CaM in transfected tsA-201 cells expressing Ca V 2.1 ( Figure S1B ; Lee et al., 2000) . When Ba 2+ is used as the charge carrier, facilitation is nearly completely lost ( Figure 1D ), demonstrating that facilitation of Ca V 2.1 channels is Ca 2+ dependent. The IM-AA mutation reduced facilitation, indicating that facilitation is also CaS dependent ( Figure 1D ). The IM-AA/DCBD double mutation had no additional effects ( Figure 1D ). Assuming that presynaptic P/Q-type currents undergo similar facilitation, we used the equation EPSP = k*(I Ca ) n , where k = 1 and n = 3.5 (Augustine et al., 1985; Dodge and Rahamimoff, 1967; Sakaba and Neher, 2001; Xu and Wu, 2005) , to predict the effect of Ca 2+ -dependent regulation on shortterm plasticity ( Figure 1E ). Because of the nonlinear relationship between Ca 2+ entry and neurotransmitter release, 20%
facilitation of Ca 2+ currents is predicted to result in approximately 2-fold increase in the synaptic response, which would be reduced to 1.5-fold by the IM-AA mutation ( Figure 1E ). Ca 2+ -dependent inactivation of P/Q-type Ca 2+ currents is dependent on global elevations of Ca 2+ (Lee et al., 2000) , which in turn are dependent on the density of Ca 2+ channels, local Ca 2+ buffers, the volume of the intracellular compartment, and other differences in the cellular context in which the channels are localized. Ca 2+ -dependent inactivation of P/Q-type Ca 2+ currents is observed in transfected cells overexpressing Ca V 2.1 channels (DeMaria et al., 2001; Lee et al., 1999 Lee et al., , 2000 and in the nerve terminals of the calyx of Held (Forsythe et al., 1998; Xu and Wu, 2005) , where Ca V 2.1 channels are densely localized and large Ca 2+ transients are generated. In contrast, Ca 2+ -dependent inactivation is not reliably observed in large neuronal cell bodies of Purkinje neurons (Chaudhuri et al., 2005) , and we did not observe reliable Ca
2+
-dependent inactivation of Ca V 2.1 channels in the large cell bodies of SCG neurons during 1 s depolarizations (not shown) or trains of stimuli ( Figure 1D ). Nevertheless, the well-characterized effect of the DCBD mutation to reduce Ca 2+ -dependent inactivation of these Ca V 2.1 channels in transfected cells provides a strong basis for use of this mutation for analysis of the potential role of this process in synaptic transmission at nerve terminals, where previous results (Forsythe et al., 1998; Xu and Wu, 2005) indicate that Ca 2+ -dependent inactivation of these channels occurs.
To determine the role of CaS-dependent regulation of Ca V 2.1 channels in short-term plasticity, excitatory postsynaptic potentials (EPSPs) were evoked from pairs of synaptically connected SCG neurons in which only the presynaptic neuron was transfected with Ca v 2.1 channels. SCG neurons are ideal for these studies because fast cholinergic neurotransmission is mediated entirely by Ca V 2.2 channels (Mochida et al., 1995) , which are completely blocked by u-Conotoxin GVIA (u-Ctx) (Mochida et al., 2003a) . Therefore, recording EPSPs in the presence of uCtx isolates the contribution of transfected Ca v 2.1 channels to neurotransmission (Mochida et al., 2003a (Mochida et al., , 2003b . EPSPs were evoked by pairs of action potentials with varied interstimulus intervals ( Figure 2A ). Paired-pulse ratios (PPR) mediated by a 1 2.1 WT were substantially less than 1.0 at short intervals, indicating the presence of paired-pulse depression (PPD) (Figures 2B and 2C, green) . In contrast, at intermediate intervals, PPD was reversed and paired-pulse facilitation (PPF) became evident at 60 ms, peaked at 80 ms, and decayed with longer intervals (Figures 2B and 2C, green) . The peak of facilitation at 80 ms (1.90 ± 0.2-fold increase, Figures 2B and 2C , green) is similar to that predicted by the modulation of P/Q-type Ca 2+ currents at the cell body (2.04-fold increase; Figure 1E ). These results are similar to PPF and PPD recorded at synapses between central neurons at which transmission is initiated by P/Q-type Ca 2+ currents (Ishikawa et al., 2005; Ting et al., 2006) . The IM-AA mutation blocked PPF but preserved PPD ( Figures  2B and 2C, blue) . Conversely, the DCBD mutation blocked PPD, maintained PPF, and shifted the peak of PPF toward shorter interstimulus-intervals ( Figures 2B and 2C, purple) . The double mutation IM-AA/DCBD abolished PPD but preserved a low level of PPF that declined nearly completely at long interstimulus-intervals ( Figures 2B and 2C, orange) . These results suggest that PPF in this synapse is induced by two different mechanisms. The large PPF at intermediate interstimulus-intervals (>30 ms) seen with WT (1.90 ± 0.2-fold at 80 ms, n = 15) and DCBD (1.67 ± 0.1-fold at 50 ms, n = 11) is induced by CaS-dependent facilitation of Ca V 2.1 channels that is blocked by the IM-AA mutation ( Figures 2B and 2C) . The small PPF (1.32 ± 0.1-fold at 20 ms, n = 16) remaining in the double mutant likely reflects CaS-independent facilitation mechanisms, plus a possible contribution of residual CaS-dependent regulation owing to incomplete inhibition of facilitation of the Ca 2+ current by the IM-AA mutation ( Figure 1D ). Comparison of the results of Figure 2B with Figure 1E reveals a close quantitative correlation between the extent of facilitation of Ca 2+ currents and synaptic transmission. Based on the power law of synaptic transmission, we predict 2.0-fold facilitation for WT and 1.48-fold for the IM-AA mutant ( Figure 1E ), and we observe 1.9 ± 0.2-fold synaptic facilitation for WT and 1.32 ± 0.1-fold for the IM-AADCBD mutant ( Figure 2B ), which lacks Ca 2+ -dependent inactivation like WT and IM-AA channels expressed at the cell body. This close quantitative correlation suggests that one effect of residual Ca 2+ is to cause facilitation of Ca V 2.1 channels, which in turn causes facilitation of synaptic transmission. The results with the DCBD mutation demonstrate that CaS-dependent inactivation of Ca V 2.1 channels masks PPF present at short interstimulus intervals (<30 ms). Furthermore, CaS-dependent PPF peaks at shorter interstimulus intervals in the absence of CaS-dependent inactivation, indicating that CaS-dependent inactivation of Ca V 2.1 channels causes PPD that delays the onset of synaptic facilitation. This functional competition between PPF and PPD can also be seen in the results for the IM-AA single mutant, which shows less facilitation than the IM-AA/DCBD double mutant ( Figure 2B ) because synapse depression is intact and competes with facilitation in the single IM-AA mutant. These results suggest that the early phase of synaptic depression at this synapse is caused by CaS-dependent inactivation of Ca V 2.1 channels, which competes functionally with synaptic facilitation and slows its rise.
Changes in PPRs could reflect either a basal change in release probability before stimulation or an activity-dependent change in release probability following stimulation. When PPRs are altered by changes in basal release probability before stimulation, the PPR is inversely proportional to the amplitude of the first EPSP, which depends on the basal release probability preceding the first pulse (Zucker and Regehr, 2002) . In contrast to this expectation, we found that PPRs are not correlated with the amplitude of the first EPSP ( Figure 2D ). Furthermore, it is unlikely that the basal release probability is affected by the mutations in a 1 2.1 because the mean EPSP amplitudes and the mean somatic Ca 2+ currents are unchanged by expression of a 1 2.1 mutants (Figures 1B and  2E ). In view of these results, our data indicate that CaS-dependent regulation of presynaptic Ca V 2.1 channels contributes to PPF and PPD by changing release probability in an activity-dependent manner in response to Ca 2+ entry during the first action potential of the pair.
Because neural information is encoded in bursts of synaptic activity in vivo, we investigated how CaS-dependent regulation of Ca V 2.1 affects short-term synaptic plasticity during bursts of action potentials. Repetitive stimulation at 5 Hz to 40 Hz for 1 s produced frequency-dependent regulation of EPSPs, and this synaptic plasticity appeared over the same range of frequencies for wild-type and mutants ( Figures 3A and 3B) . As the frequency of stimulation was increased, synaptic transmission mediated by WT a 1 2.1 showed increased facilitation followed by depression during the trains ( Figures 3A and 3B, green) . This form of shortterm synaptic plasticity resembles that recorded at the calyx of Held in response to repetitive stimuli (Borst and Sakmann, 1998; Forsythe et al., 1998; Xu and Wu, 2005) .
In addition to facilitation by the initial impulses within trains, the amplitude of the first EPSP in each train progressively increased following successive trains of stimuli at increasing frequencies, and this increase was larger than that during the initial pulses within trains ( Figures 3A and 3D, green, WT) . This progressive increase in amplitude of the first EPSPs in trains is reduced by the IM-AA mutation ( Figures 3A and 3D, blue) , but not by the DCBD mutation ( Figures 3A and 3D, purple) . These results show that enhancement of neurotransmission following 1 s trains requires CaS binding to the IQ-like domain. The IM-AA mutation also diminished facilitation during early stimuli within trains at 10 Hz (p = 0.08), 30 Hz (p < 0.05), and 40 Hz (p < 0.05; Figure 3C , blue), but this effect is not as striking as the reduction of synaptic enhancement following trains, suggesting that the substantial enhancement of synaptic transmission following long trains occluded facilitation by the first stimuli in the succeeding train. Altogether, these data suggest that repeated presynaptic Ca 2+ entry during trains induced both rapid synaptic facilitation during trains of stimuli and slower enhancement of synaptic transmission following trains, and that this synaptic enhancement required facilitation of Ca 2+ channels via CaS proteins interacting with the IQ-like domain.
In contrast to the facilitation followed by depression of synaptic transmission observed during trains for WT, the EPSP size increased steadily during trains at 10-20 Hz for presynaptic neurons expressing the DCBD mutant, such that the steady-state EPSP amplitude at the end of the train, 8.5 ± 1.8 mV, was significantly higher than the first EPSP amplitude, 4.1 ± 0.86 mV (20 Hz, p < 0.05, paired Student's t test, n = 6; Figure 3B ). At 30-40 Hz, facilitation of the DCBD mutant was greater than WT and the IM-AA mutant throughout the train, and depression was much slower. These data suggest that, similar to paired-pulse experiments, CaS-dependent inactivation of P/Q-type currents shapes the time course of short-term synaptic plasticity by determining the timing of the peak of synaptic facilitation during the train as well as the steady-state level of synaptic depression at the end of the train.
The mechanism of synaptic depression during paired-pulses is a topic of active debate (Sullivan, 2007) , but synaptic depression during trains of high-frequency stimulation is usually attributed to depletion of synaptic vesicles (Rosenmund and Stevens, 1996; Zucker and Regehr, 2002) . Whereas a 1 2.1 WT supports robust synaptic depression at frequencies of 20-40 Hz, EPSPs mediated by a 1 2.1 DCBD showed substantial facilitation but little synaptic depression ( Figures 3A and 3B ). This indicates that the reduction of presynaptic Ca 2+ entry by inactivation of presynaptic P/Q-type currents caused by CaS proteins bound to the CBD is the major cause of synaptic depression during short bursts (up to 1 s) of activity at frequencies up to 40 Hz at this synapse. At 30 and 40 Hz, depletion of synaptic vesicles may be responsible for the slower (t 1/2 = 1.5-2 s) decline of EPSP amplitudes observed with the DCBD mutant ( Figure 3B , bottom two panels, purple). Thus, our data provide a potential molecular mechanism for recent observations on synaptic transmission in the calyx of Held, where vesicle depletion was also found to have limited effects on synaptic depression at frequencies of stimulation up to 30 Hz (Xu and Wu, 2005) . The rates of Ca 2+ channel inactivation (Charlton et al., 1982; Chaudhuri et al., 2005; Forsythe et al., 1998; Xu and Wu, 2005) and vesicle depletion (Custer et al., 2006; Pieribone et al., 1995; Schneggenburger et al., 2002; Xu and Wu, 2005) have varying dependence on the frequency of stimulation at different synapses, potentially leading to dominance by one mechanism or the other in specific circumstances.
Two forms of presynaptic short-term enhancement of synaptic transmission, termed augmentation and posttetanic potentiation (PTP), last for seconds to minutes (Zucker and Regehr, 2002) and therefore are good candidates for the slow synaptic enhancement we observed following 1 s trains of stimuli ( Figures 3A and  3D ). To explore this possibility, we measured EPSP amplitudes before and after longer trains at various frequencies. Augmentation was tested with 10 s trains (Stevens and Wesseling, 1999) , and PTP was elicited with 60 s trains (Magleby, 1973; Magleby and Zengel, 1975) . Detectable augmentation was first observed with 10 Hz trains applied for 10 s p = 0.06, Figure 4A) . EPSPs mediated by a 1 2.1 WT showed increased augmentation after 10 s trains at 20 Hz and 40 Hz (1.9 ± 0.15 and 2.4 ± 0.15-fold, p < 0.01, paired Student's t test, n = 6, Figure 4B ). Augmentation was significantly reduced by the IM-AA mutation (p < 0.05, versus WT or DCBD, unpaired Student's t test), whereas the DCBD mutation had little effect on the magnitude of augmentation at 20 Hz and 40 Hz ( Figure 4B , p > 0.05, versus WT). These data demonstrate that CaS-dependent facilitation of Ca 2+ current contributes significantly to an intermediate-length form of synaptic enhancement, augmentation, which grows in 5 to 10 s (Zucker and Regehr, 2002) , in addition to synaptic facilitation, which has a time course of tens to hundreds of milliseconds.
In contrast to augmentation, there was a small but insignificant reduction in the magnitude of PTP elicited by 60 s trains at 10, 20, and 40 Hz, when transmitter release was mediated by mutant Ca V 2.1 channels (Figures 4A, PTP, and 4C) . These results indicate that the Ca 2+ signal that induces PTP does not require CaS-dependent facilitation. Consistent with this idea, previous reports suggested that PTP, but not augmentation, results from slow efflux of mitochondrial Ca 2+ accumulated during tetanic stimulation (Tang and Zucker, 1997) and also involves activation of protein kinase C (Beierlein et al., 2007; Brager et al., 2003) . Short-term synaptic plasticity is crucial for encoding information in the nervous system (Abbott and Regehr, 2004) . Synaptic (B and C), EPSP amplitudes from 5-7 synaptic pairs were averaged for 1 min after conditioning stimuli at the indicated frequencies for 10 s (B) or 60 s (C) and normalized to the averaged EPSP amplitude measured for 1 min prior to the conditioning pulse. At 20 Hz where the kinetics were best measured, augmentation decayed with a time constant of 1.3 ± 0.4 min, and PTP decayed with a time constant of 3.5 ± 0.6 min. *p < 0.05. facilitation and depression have been studied for decades, but the molecular mechanisms have remained elusive (Zucker and Regehr, 2002) . Our results with cultured SCG neuron synapses driven by transfected Ca V 2.1 channels reveal that CaS-dependent regulation of presynaptic Ca 2+ entry, mediated by CaS interactions with the IQ-like domain and the CBD in the C terminus of Ca V 2.1 channels, makes a major contribution to short-term plasticity including synaptic facilitation, augmentation, and depression. CaS-dependent facilitation of presynaptic Ca V 2.1 channels is likely induced by residual Ca 2+ and causes synaptic facilitation. CaS-dependent inactivation of Ca V 2.1 channels is also induced by residual Ca 2+ and is responsible for the rapid phase of synaptic depression at this synapse during paired pulses at short intervals and 1 s bursts of action potentials up to 40 Hz. Our results provide the first direct evidence to our knowledge that CaS-dependent facilitation and inactivation of presynaptic P/Q-type Ca 2+ currents can mediate short-term synaptic facilitation and depression, which are conserved forms of plasticity at many different types of synapses (Zucker and Regehr, 2002) . Evidently, by causing facilitation and inactivation of Ca V 2.1 channels, residual Ca 2+ can actually control ''instantaneous'' Ca 2+ during an action potential, shape the local Ca 2+ transient at the active zone, and cause facilitation, augmentation, and depression of synaptic transmission. The postsynaptic response is therefore controlled by CaS-dependent modulation of presynaptic Ca 2+ entry, which acts to encode the information contained in the frequency of presynaptic firing of action potentials for transmission to the postsynaptic cell. Thus, presynaptic Ca 2+ channel regulation by CaS proteins is a major molecular mechanism underlying information processing in the nervous system.
EXPERIMENTAL PROCEDURES
SCG neurons were cultured as described (Mochida et al., 1996) to allow synapse formation, and cDNAs encoding a 1 2.1 subunits in pMT2 (Lee et al., 2003) were microinjected into the nuclei of SCG neurons as described (Mochida et al., 2003a) . P/Q-type currents were recorded from injected SCG neurons in whole-cell voltage-clamp mode as described using an extracellular solution with 1 mM calcium and an intracellular solution with 0.5 mM EGTA, as described in Supplemental Experimental Procedures. EPSPs were recorded using sharp microelectrodes by stimulating recording from a transfected presynaptic SCG neuron and a neighboring untransfected postsynaptic SCG neuron after 6 weeks in cell culture as described (Mochida et al., 2003a) using an extracellular solution with 1 mM calcium. Details of these solutions and procedures are presented in Supplemental Experimental Procedures.
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